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Single-nephron pressures, flows, and resistances in hypertensive
kidneys with nephrosclerosis. To study the effects of hypertension
on a kidney with nephrosclerosis, single-nephron dynamics were
determined in rats with one-kidney "post-salt" hypertension with
nephrosclerosis and in one- and two-kidney normotensive con-
trols. Hypertension was induced by feeding weanling rats an 8%
sodium chloride diet for nine and one half weeks, with a unilateral
nephrectomy performed during the fourth week. Thereafter, regu-
lar chow was fed, but hypertension persisted. In the rats with
hypertension, extensive nephrosclerosis was found, glomerular le-
sions predominating over arteriolar ones. The sum of afferent and
efferent arteriolar resistances (RTA) (X 1010 dynes.sec.cm5) was
decreased in surviving nephrons from hypertensive kidneys with
nephrosclerosis and not increased as expected in hypertension.
Hypertensive RTA averaged 1.07 0.08, while one- and two-
kidney normotensive rats averaged 1.72 + 0.13 and 2.77 + 0.33,
respectively, Because resistances were decreased, hypertensive rats
had significantly higher glomerular blood flow (GBF) (1324 + 82
nI/mm), and filtration rate (SNGFR) (162 + 13 nI/mm), than the
one-kidney normotensive rats: GBF, 583 41; SNGFR, 90 + 5.
Two-kidney normotensive rats were even lower: GBF, 357 55;
SNGFR, 60 + 6. Filtration fraction declined from 0.35 + 0.03 in
two-kidney normotensive rats to 0.25 0.01 in hypertensive rats.
The adaptive increase of SNGFR in uninephrectomized normoten-
sive rats results mainly from increased GBF, plus a small increase
in transcapillary hydraulic pressure difference (P); in rats having
hypertension with nephrosclerosis, a very high P combines with
increased flow to increase SNGFR greatly. Reduction of afferent
and efferent arteriolar resistances is pivotal in the adaptive re-
sponse. Greatly increased glomerular capillary pressure may be the
pathophysiologic basis for the predominance of glomerular lesions
in this model for hypertension.
Pressions, debits, et resistances dans les néphrons de rats atteints
d'hypertension avec néphrosclérose. Afin d'tudier les effets de
l'hypertension sur un rein atteint de néphrosclérose l'hydro-
dynamique des néphrons a té déterminée chez des rats uni-
néphrectomisés et atteints d'hypertension par administration de
sd et chez des contrôles a pression artérielle normale ayant un vu
deux reins. L'hypertension a été induite en administrant a partir du
sevrage et pendant 9,5 semaines du NaC1 a 8%. La néphrectomie
unilatérale a Cté réalisée au cours de Ia 4e semaine. Au delà, une
alimentation normale a été administrée mais l'hypertension a per-
sisté. Chez les animaux hypertendus une néphrosclérose impor-
tante a été constatée, les lesions glomerulaires predominant sur les
lesions artériolaires. La somme des resistances artériolaires aflé-
rente et efférente (RTA) (X 1010 dynes.sec.cm5) était diminuée
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dans les néphrons intacts des reins d'hypertension avec néphros-
clérose et pas augmentée, comme ii aurait Pu étre prévu, dans
l'hypertension. La RTA des rats avec hypertension a été en mo-
yenne dc 1,07 0,08, alors que les rats sans hypertension avec un
ou deux reins avaient respectivement 1,72 0,13 et 2,77 0,33.
Du fait que les resistances étaient diminuées les rats avec hyperten-
sion avaient des debits sanguins glomérulaires (GBF) (1324 + 82
ni/mm), et des debits de filtration (SNGFR) (162 13 nI/mm),
significativement plus élevés que les animaux sans hypertension
uninéphrectomisCs: GBF 583 41, SNGFR 90 5. Les rats sans
hypertension avec deux reins avaient des valeurs encore plus
basses: GBF, 357 + 55; SNGFR, 60 + 6. La fraction flltrCe était de
0,35 + 0,03 chez les rats sans hypertension avec deux reins et
abaissée a 0,25 + 0,01 chez les rats avec hypertension. L'aug-
mentation d'adaptative du SNGFR chez les rats sans hyperten-
sion uninéphrectomisés est essentiellement Ia consequence d'une
augmentation de GBF et aussi d'une augmentation minime de Ia
difference transcapillaire de pression hydrostatique (iSP); dans
l'hypertension avec nephrosclCrose une ixP très élevée se combine a
une argmentation du debit pour augmenter Ic SNGFR de facon
importante. La diminution des resistances artériolaires afl'érente et
efférente est essentielle dans Ia réponse d'adaptation. Une augmen-
tation considerable de Ia pression capillaire glomCrulaire peut
être Ia base physiopathologique de Ia predominance des lesions
glomérulaires dans cc modèle d'hypertension artCrielle.
Our recent findings of increased glomerular, etTe-
rent arteriolar, and peritubular capillary pressure in
two-kidney "post-salt" hypertension with mild nephro-
sclerosis suggested to us the presence of altered
nephron hemodynamics [1]. Furthermore, the pres-
ence of elevated glomerular capillary pressures in
those kidneys suggested a possible relationship to the
mild nephrosclerosis found in them. The deleterious
effect of increased arterial pressure on renal archi-
tecture and function is well known and constitutes
one fundamental rationale for early therapy in essen-
tial hypertension [2—4].
To characterize the dynamics of the increased gb-
merular capillary pressures, methods were used
which permitted both pressure and flow measure-
ments in the single nephron, so that segmental vascu-
lar resistances could be calculated. In this particular
study, we were especially interested in determining
the hemodynamics of surviving nephrons after their
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exposure to chronic severe hypertension. Rats with
one-kidney "post-salt" hypertension provided just
this sort of pathology.
Methods
Experimental model. Hypertension with nephro-
sclerosis was induced by the use of the one-kidney
"post-salt" hypertensive model. Weanling male
Holtzman rats were divided into three groups. The
experimental group was fed an 8% sodium chloride
chow for three weeks prior to a right rLephrectomy
and for six and one half weeks thereafter. At the end
of this period of high sodium chloride intake, this
experimental group was placed on a regular chow for
three and three-fourths months. The control group
was fed a regular chow for four months; 12 rats then
received right nephrectomies, while 5 rats received
sham operations. Nephrectomies in the one-kidney
control group were planned at a different time than in
the hypertensive experimental group, in consid-
eration of the well known capacity of this maneuver
to produce hypertension in a susceptible animal [5].
A fraction of Holtzman rats have been kund in our
laboratory to be susceptible to salt hypertension [6].
At the end of five and one-fourth months, all rats had
their blood pressures measured by the method of
Friedman and Freed [7]. Under light ether anes-
thesia, blood pressures were measured once a week
for three weeks, and the average of these three pres-
sures was considered the "true" pressure. In the ex-
perimental group, only those rats with blood pres-
sures above 180 mm Hg formed the one-kidney
"post-salt" hypertensive group. In the control
groups, only those rats with "true" pressures of less
than 140 mm Hg formed the one-kidney and two-
kidney control groups.
Micropuncture experiments were performed on 8
one-kidney "post-salt" hypertensive rats. 12 one-kid-
ney normotensive control rats, and 5 two-kidney nor-
motensive control rats, all weighing between 430 and
519 g and allowed free access to food and water prior
to study. The rats were anesthetized with an i.p.
injection of mactin (120 mg/kg) and prepared for
micropuncture as described previously [1]. Thirty
minutes were allowed for equilibration prior to mi-
cropuncture. A bolus of 0.75 cc of Kreb's solution
containing 35 tCi of '4C-inulin was given at the
beginning of the equilibration period. l'his was fol-
lowed by an infusion of inulin, 35 tCi/hr, in a very
lightly heparinized Krebs-Henseleit solution. The
rate of infusion was 1.48 mI/hr throughout the ex-
periment. In addition to this, fluid was given to re-
place urinary losses.
Glomerular hemodynamics, Single-nephron gb-
merular filtration rate (SNGFR) was measured by
timed collection from surface convolutions of prox-
imal tubules. Lissamine green identification was not
used because of the interference of this dye with the
microprotein analysis [81. Tubular fluid collection for
SNGFR was screened by observation of the move-
ment of the oil block. If no flow was observed within
12 seconds after injection (for a two-minute collec-
tion), that particular tubule was not used. Thus,
only surviving nephrons relatively unaffected by
nephrosclerosis were micropunctured. The same pro-
cedure was applied to the control rats. Exactly timed
(two-minute) samples of fluid were collected from
three to four different tubules which had not under-
gone stop-flow pressure measurements. The rate of
fluid collection was adjusted (if necessary, by gentle
aspiration) to maintain a constant position just distal
to the site of puncture. The total timed collection of
tubular fluid was transferred directly into a counting
vial. Coincidentally with these tubular fluid collec-
tions, femoral arterial blood samples were obtained
for determinations of hematocrit and plasma inulin
concentration.
Hydrostatic pressure in tubules and capillaries was
measured with a servo-nulling pressure system applied
to the microstructures of the kidney. The techniques
and characteristics of the system were the same as
previously reported from this laboratory [1]. At least
three different proximal tubules, peritubular capil-
lanes, and "star" vessels (end of efferent arteriole),
had pressure recordings per rat. After the injection of
a droplet of oil showing the presence of good flow,
glomerular capillary pressure was estimated by the
stop-flow technique of Gertz as modified by Allison,
Liphan, and Gottschalk [9] in two to four different
early proximal tubules. In the Gertz technique, filtra-
tion becomes insignificant when a steady stop-flow is
achieved. At this point, it is assumed that protein
concentration in the glomerulus does not change,
hence being equal to arterial concentration. Gb-
merular capillary pressure is then estimated as the
sum of stop-flow pressure and the systemic oncotic
pressure. Such a method assumes that stopping filtra-
tion does not change gbomerular capillary pressure,
even though the previously filtered fluid is now going
through the glomerular capillaries and the efferent
arterioles. This assumption appears to be true in the
normal animal as shown by Blantz et al [10]. To test
the effect of chronic hypertension on glomerular cap-
illary pressures as measured by direct vs. indirect
methods, Goldbbatt hypertension was induced in five
Munich-Wistar rats by narrowing one renal artery
and leaving the contralateral kidney untouched. Six
similar rats received a sham procedure. Pressure in
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the glomerular capillaries and stop-flow pressures
were obtained in the non-clipped kidney four to five
weeks after clipping. The techniques and criteria de-
scribed by Brenner, Troy, and Daugharty [111 and
Blantz et al [10] were used for measuring glomerular
capillary pressures. We used only those tracings that
were stable for a period of 20 to 30 seconds and
showed a clean pulse pressure in synchrony with fe-
moral pulse. In many of these glomeruli, repuncture
pressures were obtained and were found to remain
constant. The results from this validation study are
shown in Table I. The lack of a statistically signifi-
cant difference from unity in the ratios of direct vs.
indirect methods in both groups of animals suggests
that indirect measurements are indicative of a true
physiologic parameter and are not a consequence of
the technique.
To obtain estimates of the oncotic pressure of
plasma entering and leaving glomerular capillaries,
protein concentrations in femoral arterial (CA) and
efferent arteriolar blood plasma (CE) were measured
as described by Weinman, Kashgarian, and Hayslett
[12]. Oncotic pressures were calculated from the
equations for oncotic pressure of plasma derived by
Landis and Pappenheimer [13]. Blood samples were
collected from the ends of different arterioles in min-
eral oil-filled micropipets with an O.D. of 12 to 15t.
Three or more samples which satisfied rigorous pre-
established criteria for collection were analyzed [14].
When the efferent arteriolar blood collection was
completed, the micropipet was removed and sealed
with mineral oil. Care was taken to place the oil seal
well beyond the tip of the micropipet to prevent
damage to the blood during subsequent heat-sealing,
which can give falsely high microprotein readings. To
validate the results obtained with the heat-sealing
procedure, femoral blood samples were drawn into
micropipets and sealed with mineral oil in the usual
manner. From the same blood samples, a similar
procedure was followed but the micropipets were
sealed with glue (Eastman 910). Both groups of micro
samples were thereafter processed in an identical
manner. When both methods were compared in five
separate samples, there was no difference in protein
readings, as shown by the values of 4.9 0.1 and 5.0
0.1 g/l00 ml for heat and Eastman glue-sealed
samples, respectively. Even minimally hemolyzed
samples were discarded. The oncotic pressure calcu-
lated from femoral arterial protein concentration was
taken as representative of oncotic pressure for the
afferent arteriole. These estimations of three or more
pre- and post-glomerular protein concentrations per-
mit calculation of single-nephron filtration fraction
(SNFF) and single-nephron glomerular capillary
plasma flow. Since pressure differentials across affe-
rent and efferent arterioles were obtained, together
Table I. Direct and indirect glomerular capillary pressure measurements in normotensive and chronic Goldblatt hypertensive Munich ratsa
Glomerular capillary
Exp. Body wt HP"
Oncotic
pressure
Stop-flow (HA)
pressure (PGC)
Indirect Direct
.Direct
no. g mm Hg mm Hg mm Hg mm Hg mm Hg Indirect
I 265 125
Normotensive rats
34.6C (4)C 13.4 47.0 49.7 (3) 1.06
2 158 130 33,6 (3) 13.3 46.9 41.6(2) 0.89
3 152 128 31.8 (3) 14.0 45.8 45.0(2) 0.98
4 260 118 32.0 (2) 12.9 44,9 47.0(1) 1.05
5 241 105 28.7 (2) 12.9 41.6 41.5(2) 1.00
6 223 120 27.8 (3) 13.1 40.9 43.5 (2) 1.06
Overall SEM 216 20 121 3.7 31.4 1.1 13.3 + 0.2 44.5 1.1 44.7 1.3 1.01 + 0.03
1 161 160
Hypertensive rats
33.3 (3) 18.0 51.3 49.9(4) 0.97
2 224 200 41.3 (4) 15.8 57.0 65,0(l) 1.14
3 261 175 37.8 (4) 14.1 51.8 54.2(2) 1.04
4 263 160 40.5 (4) 15.0 55.5 50.0(2) 0.90
5 295 155 37.5 (2) 15.6 53.2 49.0(2) 0.92
OverallsbM 240 + 23 170 + 8.2 38.1 + 1.4 15.7 0.6 53.8 + 1.1 53.6 + 3.0 0.99 0.04
P NSe <0.001 <0.005 <0.005 <0.001 <0.025 NS
Abbreviations used are F, probability value (normotensive vs. hypertensive rats); BP, blood pressure.
Electronically integrated mean BP.
Values are the mean.
d Parentheses represent the number of determinations per rat.
P > 0.05.
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with estimates of local rates of blood flow through
these vessels, resistances across these pre- and post-
glomerular vessels could thereby be estimated.
Analytical methods. Urine was collected in a pre-
weighed container under oil, and plasma samples in
un-heparinized tubes. Urine and plasma samples for
total and single-nephron GFR were counted using a
liquid scintillation counter. Protein concentrations in
efferent arteriolar and femoral arterial blood plasmas
were determined, at least in duplicate and usually in
triplicate, with an ultramicrocolorimeter, using a re-
cently described [15] microadaptation of the tech-
nique of Lowry et al [16]. Concentrations of these
samples were determined by comparison with a
standard curve of known protein concentrations han-
dled in identical fashion with plasma protein samples.
The standard curve was determined by linear regres-
sion analysis to best fit for a curve utilizing all stand-
ard readings. Correlation coefficient for the standard
curve gave a value of r = 0.98.
Histological studies. Tissues for hist opathology
were obtained after weighing the kidneys of six one-
kidney "post-salt" hypertensive rats, six one-kidney
normotensive rats, and five two-kidney ncrmotensive
rats. All tissues were formalin-fixed, enibedded in
paraffin, and stained with H & E trichrome stains.
Calculations. The formulas used for the various
calculations are given in the appendix. Student's ttest
was used and data having a P < 0.05 were considered
significant. All data were also analyzed using analysis
of variance [171. The coefficient of variation was cal-
culated as the ratio of the standard deviation to the
mean value, expressed as a percentage. This calcu-
lation was performed in all rats with respect to pres-
sures in the tubules (free- and stop-flow), ;tar vessels,
SNGFR and SNFF.
Results
Experimental model, histopathology, renal function.
The one-kidney "post-salt" experimental model gave
a 38% yield of rats with fixed hypertension. We define
"fixed" hypertension as that stage in the progression
of hypertension where the high level of blood pres-
sure is stable under a long period of anesthesia and
surgery. In the present study, obvious nephrosclerosis
of different degrees was found at this stage. On
macroscopic examination, the hypertensive kidneys
showed normally appearing structures alternating
with pitted areas, giving the kidneys an overall gran-
ular appearance. Under the dissecting microscope,
the abnormal areas included scar tissue with almost
no discernible structure in which atrophic tubules
could be identified with more or less difficulty. Hyper-
trophic tubules were variable in size with disten-
tention reaching cystic proportions in some. The vas-
cular "stars" appeared to be two to three times larger
and were less numerous in the hypertensive kidneys
than in the control kidneys. A slight degree of gran-
ularity was also present in the one-kidney normoten-
sive controls. An occasional scar was observed in the
normotensive two-kidney controls.
The histologic sections of kidneys from unineph-
rectomized "post-salt" hypertensive rats showed a
spectrum in the severity of nephrosclerotic changes.
Although most kidneys showed partial or complete
sclerosis in approximately 25% of the glomeruli,
nephron damage varied from kidney to kidney. Addi-
tionally the PAS and silver stains showed basement
membrane thickening in about 10 to 15% of the nor-
mal appearing glomeruli. Many glomeruli showed
focal mesangial hypercellularity or epithelial pro-
liferation, and adhesions between tufts and to Bow-
man's capsule (Fig. 1). Necrosis was not observed.
The arteriolar changes were minimal without signifi-
cant hyalinization, even in the afferent arterioles of
the more or less sclerosed glomeruli (Fig. 2). The
tubular changes varied from atrophy to dilation with
colloid casts. Interstitial changes consisted of mild
patchy fibrosis and occasional small aggregates of
lymphocytes. Histologic sections of the control kid-
neys from normotensive uninephrectomized rats
showed a few partially sclerosed glorneruli and focal
tubular atrophy and dilation. Similar structural alter-
ations were occasionally found in the normotensive
two-kidney controls. The arteries and arterioles were
essentially normal.
Fixed, stable hypertension was obtained in the ex-
perimental group. This is shown in Table 2, where the
average value for the systolic blood pressure in the
one-kidney "post-salt" rats was 191 2 mm Hg.
During the micropuncture procedure, these rats had
an electronically integrated mean pressure of 180 5
mm Hg. The body weight in the one-kidney "post-
salt" hypertensive rat was similar to that of the one-
and two-kidney control rats. The weights of the left
kidney in the one-kidney normotensive and the one-
kidney hypertensive rats were 67 and 84%, respec-
tively, of the weight of both kidneys in the two-
kidney control rats. Despite renal damage, thehyper-
tensive kidney with nephrosclerosis weighed 3.7 0.2
g on the average, which was 25% greater than the
weight of the one-kidney normotensives. After uni-
nephrectomy, the remaining kidney of the normoten-
sive rat hypertrophied and its total GFR increased
concomitantly with the hypertrophy, so that GFR per
unit of kidney weight remained the same as that of
the two-kidney normotensive control group, 0.80
0.04 vs. 0.77 0.08 ml/min/g of kidney wt, respec-
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Fig. 1. Area of kidney from post-salt" uninephrectomized hypertensive rat showing early
glomerular changes and tubular atrophy and dilatation. (H & E trichrome stains; X60.)
tively. Even though the GFR increased in this re-
maining kidney, it still fell short of the GFR from the
two kidneys of the control group, 0.481 vs. 0.674
mi/mm body wt, respectively. The hypertensive rats
with nephroscierosis, however, had 42 and 40% lower
values of GFR per g of kidney wt than the one- and
two-kidney normotensives (P < 0.005 and < 0.025).
Moreover, the GFR per 100 g of body wt was 48.5%
Fig. 2. Higher power of partially scierosedgiomerulus in Figure 1. Note the absence of arteriolar
change. (H & E trichrome stains; X 150.)
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Table 2. Some physiologic parameters in one-kidney hypertensive, one-kidney normotensive, and two-kidney normotensive ratsa
BP
Body wt
g
Rena! mass
g
GFR
8W
ml/m,n/100 g
KW
ml/min/g
U/P
InulincMicrophonic
mm Hg
Arterlaib
mm Hg
One-kidney hypertensive (N = 8) 19! + 2 180 + 5 472 + 8 3.70 0.16 0.347 + 0.052 0.467 + 0.07 133 28
One-kidney normotensive (N = 12) 126 + 3 127 + 3 480 8 2.97 0.13 0.48! + 0.041 0.799 0.04 551 + 69
Two-kidney normotensive (N = 5) 128 5 125 4 497 1! 4.4! 0.65 0.674 + 0.088 0.773 + 0.08 559 + 33
P, !-KH vs. !KNd
P, l-KN vs. 2KNe
P, I-KH vs. 2KNr
<0.00!
NS
<0.001
<0.001
NS
<0.001
NS
NS
NS
<0.005
<0.01
NS
NS
<0.05
<0.005
<0.005
NS
<0.025
<0.001
NS
<0.00!
Abbreviations used are: BP, blood pressure; GFR, glomerular filtration rate; BW and KW, body weight and kidney weight. Values
are + SEM. Parentheses represent number of animals.
b Electronically integrated mean BP.
Urine to plasma inulin ratio per kidney.
One-kidney hypertensive rats vs. one-kidney nor motensive rats.
One-kidney normotensive rats vs. two-kidney normotensive rats.
One-kidney hypertensive rats vs. two-kidney normotensive rats.
g P > 0.05.
lower in the hypertensive group than in the two-
kidney normotensive group.
Single nephron pressures, flows, and resistances.
Figure 3 shows the mean pressure profile in the micro-
Glomerular End of Small Vena
capillary efferent
arteriole
peritubular
capillary
cava
vasculature of the surviving nephrons in the one-
kidney "post-salt" hypertensives, and the one- and
two-kidney normotensive rats. It is clear from this
profile that the pressures in the post-glomerular vas-
cular bed were similar in the three groups of rats. The
coefficients of variation obtained in the pressure mea-
surements of star vessels and free-flow tubules were
11 2% and 14 + 3%, respectively, for the hyperten-
sive groups. These same parameters had a variation
of 9 2% and 10 1% in the one-kidney normoten-
sives. No statistical difference was found when the
two groups were compared. The glomerular capillary
pressure, PGC, was increased by 22 and 38% in the
hypertensive rats over the one- and two-kidney nor-
motensives, respectively, (P < 0.001). The PGC in the
one-kidney normotensive rats was also significantly
increased by 13% when compared to that of the two-
kidney controls (P < 0.05). Afferent protein concen-
tration did not change after unilateral nephrectomy
in the normotensive or hypertensive rats. The stop-
flow pressure in the two-kidney normotensive rats of
31 1.8 mm Hg was not different from the stop-flow
pressure of 32.4 1.0 mm Hg recorded in the same
strain of rats in our previous study [1J. In the present
study, the stop-flow pressures were 34.7 1.1 and
49.6 2.6 mm Hg in the one-kidney normotensive
and hypertensive rats, respectively. The coefficients of
variation in these stop-flow pressures were 12 3% in
the one-kidney hypertensive rats and 11 4% in the
one-kidney normotensive rats. The difference was
not significant.
SNGFR demonstrated an increase following
unilateral nephrectomy and a further increase follow-
70
60
50 -
Average BP, mm Hg
1 kid. hyperl:ensive, 180
1 kid. normctensive, 127
A2 kid. normctensive, 125
40 —
30 —
20 —
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Fig. 3. Pressure profile in the microvasculature of he one-kidney
"post-salt' hypertensive and the one- and two-kidney normotensive
rats.
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ing unilateral nephrectomy in the hypertensive rats
with nephrosclerosis (Table 3). The average SNGFR
rose from a value of 60 6 ni/mm in the two-kidney
normotensive controls to 90 5 nI/mm in the one-
kidney normotensive rats and to 162 + 13 nI/mm in
the hypertensive rats with nephrosclerosis. These
changes indicated a 50 and 170% increase in SNGFR
in the one-kidney normotensive and hypertensive
rats, respectively, over the two-kidney normotensive
controls. The SNGFR coefficient of variation was 21
and 17% for the one-kidney hypertensive rats with
nephrosclerosis and normotensive rats (P> 0.5), re-
spectively, indicating that the sampled population of
nephrons was fairly homogenous. A rough approxi-
mation of the "functional" number of nephrons was
obtained by dividing total GFR by SNGFR. The
values of glomerular counts available in the literature
vary from 27,000 to 33,500 [18,19], The two- and one-
kidney normotensive rats were calculated to have
27,724 and 25,815 glomeruli per kidney, respectively,
while the hypertensive rats with nephrosclerosis had
only 8,950 "functional" glomeruli. These values
probably underestimate the total number of function-
ing nephrons, since only the relatively "healthy"
glomeruli were used for SNGFR determinations. Al-
though we did not do actual glomerular counts, these
calculated values give an approximation of the pro-
nounced nephron deletion present in the hypertensive
kidney with nephrosclerosis.
The SNFF as determined by microprotein analysis
was 0.35 0.03 in the two-kidney normotensive rats,
decreased slightly but not significantly in the one-
kidney normotensive rats to 0.31 0.01, and dramati-
cally dropped to 0.25 + 0.01 in the one-kidney hyper-
tensive rats with nephrosclerosis. As a result of the
decrease in SNFF, CE in these surviving nephrons
was 15% lower than in the normotensive unineph-
rectomized rats, (P < 0.025). Both normotensive
groups, one- and two-kidney, had no difference in
CE. The variance in SNFF was 35 5% and 20 6%
in the one-kidney hypertensive and normotensive
rats, respectively. These values, although high, were
not statistically different. In the present study, gb-
merular blood flow (GBF) is calculated from the
mean values per rat of SNGFR and SNFF. The
validity of this approach depends on a homogenous
nephron population. The coefficient of variation for
these parameters in the hypertensive kidneys with
nephrosclerosis was not significantly different from
the one-kidney normotensives; thereby, the assump-
tion can be made, with caution, that the sampled
nephrons for SNGFR and SNFF belonged to similar
populations. The progressive increase in GBF ob-
served in uninephrectomized rats with normal blood
pressures and unineph rectomized hypertensive rats
with nephrosclerosis was also obtained in the efferent
arteriolar segment (Table 3). These very high GBF
and efferent arteriolar blood flow (EABF) values were
possible because the afferent arteriole resistance (RA)
and the eflerent arteriole resistance (RE) were pro-
gressively decreasing. RE was likewise decreased in
one-kidney normotensives and even further de-
Table 3. Single-nephron flows and segmental vascular resistances
SNGFR
ni/mm
SNFF
ni/mm
GPF
ni/mm
Hct
%
GI3F
ni/mm
EABF
ni/mm
RA RE RTA
X 1010 dynes.sec.cm5
--
RTA
-!-
RTA
One-kidney hypertensive(N = 8), BPb =
180 5
One-kidneynormoten-
sive(N = 12),
BP = 127±3
162
+ 13
90
5
0.25
0.01
0.31
0.01
645
41
297
23
51.2
0.9
49.3
0.5
1324
82
583
+ 41
1162
74
493
+ 37
0.676
+ 0.056
1.006
0.089
0.392
0.03 1
0.711
0.052
1.068
0.078
1.717
0.130
0.63
+ 0.02
0.58
0.01
0.37
0.02
0.42
0.01
Two-kidney normoten-
sive(N = 5),
BP = 125 4
60
6
0.35
0.03
177
28
50.5
1.0
357
55
296
50
1.753
0.220
1.015
+ 0.140
2.768
0.332
0.64
0.02
0.36
0.02
P, l-KH vs. 1-KN0
P, 1-KN vs. 2-KN"
P, l-KH vs. 2-KN
<0.001
<0.01
<0.001
<0.01
NS
<0.001
<0.001
<0.01
<0.001
NS
NS
NS
<0.001
<0.01
<0.001
<0.001
<0.01
<0.001
<0.025
<0.005
<0.001
<0.001
<0.025
<0.001
<0.005
<0005
<0.001
NS
NS
NS
NS
NS
NS
Abbreviations used are: SNOFR, single nephron glomerular filtration rate; SNFF, single nephron filtration fraction; GPF, glomerular
plasma flow; Hct, hematocrit; GBF, glomerular blood flow; EABF, efferent arteriolar blood flow; RA, afferent arteriole resistance;
RE, efferent arteriole resistance; RTA, RA + RE. Values are SEM. N is the number of animals.
Electronically integrated mean BP.
One-kidney hypertensive rats vs. one-kidney normotensive rats.
One-kidney normotensive rats vs. two-kidney normotensive rats.
One-kidney hypertensive rats vs. two-kidney normotensive rats.
P > 0.05.
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creased in one-kidney hypertensives with iephroscle-
rosis, averaging 30 and 61% lower than in the two-
kidney normotensives. RA/RTA value was higher in
the one-kidney hypertensives than in the one-kidney
normotensives; however, it did not reach statistical
significance.
A nalysis of glomerular ultrafiltration. By knowing
the pressures of the glomerular capillarie:, proximal
tubules, and the oncotic pressures at the afferent and
efferent ends of the glomerular capillarie:;, it is pos-
sible to analyze the Starling forces of glomerular
filtration. Table 4 lists the parameters to be consid-
ered. The net glomerular capillary hydraulic pressure
(AP) averaged 58.5 + 1 .7 mm Hg in the hypertensive
rats, some 12.3 and 18.6mm Hg higher than the one-
and two-kidney normotensive rats, respectively. The
greater AP observed in the hypertensive rats was due
to the elevated glomerular capillary pressure (PGC).
In the one-kidney normotensive rats, A P was also
increased over the two-kidney controls (P < 0.05).
The calculated oncotic pressure opposing 1ltration at
the afferent end of the glomerular capillaries, (HA)
was almost equal in the three groups of rats. In the
hypertensive rats, the net transcapillary and oncotic
pressure differences favoring ultrafiltration across the
afferent end of the glomerular capillaries (PUFA)
was found to be 14.4 mm Hg higher than the one-
kidney normotensive and 18 mm Hg highr than the
two-kidney controls. The differences were highly sig-
nificant. Again, PGC accounted for the main differ-
ence observed in the hypertensive rats, since HA and
proximal tubular pressure (PT) were similar in the
three groups of animals. The average value of PUFA,
23.4 +0.9 mm Hg, observed in the uninephrecto-
mized normotensives was also significantly different
from the two-kidney controls, (P <0.05). In the two-
kidney normotensive rats, A P exceeded the opposing
oncotic pressure (HA) at the afferent end of the gb-
merular capillaries by 19.8 1.3 mm Hg. This net
pressure favoring filtration almost disappeared at the
efferent end (PUFE):—0.l4 + 3.3 mm Hg, and the ratio
HE/ZP did not differ significantly from unity, 1.01
0.08. Thus, filtration pressure equilibrium was almost
complete (Fig. 4). The one-kidney normotensive rats
had a PUFE of 4.2 + 2.3 mm Hg, and AP exceeded
HE. This value, however, did not reach a significant
difference when compared to the PUFE of the nor-
motensive two-kidney rats; it was also not different
from unity. In the hypertensive rats, PUFE reached a
value of 26 + 2.5 mm Hg, being highly different
statistically from both normotensive groups (Table 4).
In these rats, the pronounced increase in AP and the
low 11E gave a ratio HE/AP of 0.55 0.04, well
below unity (P < 0.001).
Discussion
Histopathology and renal function. The present
study was designed to investigate the effect of long-
standing hypertension in a nephrosclerotic kidney
with reduced nephron population. This is a common
problem in clinical practice. The "post-salt" one-
kidney hypertensive model provided the chronic hyper-
tension and nephrosclerosis needed for our study.
It has been known for some years that unilaterally
nephrectomized rats fed sodium chloride supple-
ments are more susceptible to sclerosis of the glomer-
Table 4. Pressure data contributing to glomerular ultraflltration
PT PGC
mmHg
P CA
gil
CE
OOmI
[IA HE
mm
PUFA
Hg
PUFE HE/P
One-kidney hypertensive(N = 8), BPb = 180 + 5
11.8
+ 1.0
70.3
1.9
58.5
1.7
6.0
0.3
8.0
+ 0.4
20.7
+ 1.5
32.2
+ 2.3
37.8
:E 2.0
26.2
+ 2.5
0.553
+ 0.038
One-kidney normotensive
(N = 12), BP = 127 3
11.3
0.3
57.5
1.8
46.2
+ 1.7
6.5
+ 0.2
9.4
+ 0.4
22.9
+ 1.2
42.1
2.9
23.4
0.9
4.2
+ 2.3
0.907
+ 0.048
Two-kidney normotensive
(N = 5), BP 125 4
11.2
+ 0.7
51.1
1.7
39.9
+ 1.6
5.9
0.3
9,2
+ 0.4
20.1
+ 1.4
40.0
2.6
19.8
1.3
0.l4
+ 3.3
1.012
0.083
P, l-KH vs. lKNb
P, l-KN vs. 2-KN°
P, l-KH vs. 2-KN
NS
NS
NS
<0.001
<0.05
<0.001
<0.001
<0.05
<0.001
NS
NS
NS
<0.025
NS
NS
NS
NS
NS
<0.025
NS
NS
<0.001
<0.05
<0.00!
<0.001
NS
<0.001
<0.001
NS
<0.001
Abbreviations used are: PT, free flow proximal tubular pressure; PGC, estimated glomerular capillary pressure: P. PGC — PT, net
glomerular transcapillary hydraulic pressure; CA arid CE, protein concentration in afferent and efferent arterioles; HA and HE, oncotic
pressure in alTerent and efferent arterioles; PUFA and PUFE, net ultrafiltration pressure in afferent and efl'erent arterioles; HE/P,
filtration equilibrium. N is the number of animals. Values are + SEM.
One-kidney hypertensive rats vs. one-kidney normotensive rats.
One-kidney normotensive rats vs. two-kidney norrnotensive rats.
One-kidney hypertensive rats vs. two-kidney norniotensive rats.
P> 0.05.
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uli than animals with two kidneys [201. Salt-induced
glomerular damage, however, does not invariably
lead to the development of hypertension, since sim-
ilar lesions are found without hypertension [21, 22].
Evidently, another condition, a genetic salt suscepti-
bility, is required for the development of hyperten-
sion. This condition has been highly characterized in
the DahI rat [23]. In these animals, a high salt intake
will rapidly induce hypertension in the salt sensitives,
while the salt resistants will keep their blood pres-
sures at normal levels. A fraction of Holtzman rats in
our laboratory have been found to be susceptible to
salt hypertension [6]. In the "post-salt" model, the
mechanisms which initiate the hypertension when the
rats start on a high salt intake are not in operation in
the "post-salt" stage. Nevertheless, the animals are
left with severe sustained hypertension. Our study
represents an attempt to correlate glomerular func-
tion and morphology in this hypertensive state. Our
functional and anatomical data show the gross altera-
tions imposed by hypertension in a kidney whose
function depends on surviving nephrons that have
adapted to renal mass reduction by lowering their
vascular resistances. A striking feature of the mor-
phologic data in our hypertensive kidneys with nephro-
sclerosis is the predominance of glomerular lesions.
It is usually held that the glomerular changes seen in
hypertension are the result of preceding arterial or
arteriolar changes [24] and that the lesions produced
in the glomeruli are ischemic, either due to arteriolar
narrowing or to the embolization of material from
damaged vessels supplying the glomeruli [25]. As oth-
ers have remarked, these assumptions are not alto-
gether supported by the histologic appearances in the
kidney, particularly in experimental hypertension
[26—28]. As we observed in the present investigation,
afferent arteriolar lesions were less frequent and usu-
ally less severe than those in the glomeruli. Vascular
spasm, said to be capable of producing glomerular
damage and said to be prominent in hypertension
[29], however, is not readily identifiable morpholog-
ically. The predominance of glomerular over afferent
lesions in the same nephron in our hypertensive rats
suggests that the glomerular lesions not only may
have been the result of the elevated glomerular cap-
illary pressures, but that this abnormal pressure may
have preceded the hypertension. It is possible that in
the salt-susceptible animal, the increased glomerular
capillary pressures observed with unilateral nephrec-
tomy when blood pressure is normal is magnified by
salt intake and later further magnified by the develop-
ment of hypertension. In the "post-salt" stage, when
the effect of salt disappears, hypertension persists and
perpetuates the cycle. The disruptive effect of hyper-
tension in blood vessel architecture is well known
[30], and it is reasonable to assume that the same
pressure effect may also be operative in the glomeru-
lar capillaries.
After nephrectomy, the total renal function
showed striking adaptive changes. The renal growth
in the one-kidney normotensives was accompanied
by a proportional increase in GFR in the remaining
kidney, while in the hypertensive nephrosclerotic kid-
ney, GFR fell below both normotensive groups. Re-
cently, it has been demonstrated that the extent of
anatomical and functional compensatory renal adap-
tation correlates directly with the amount of tissue
removed [31, 32]. The present study shows similar
findings.
Single nephron dynamics. The results of the present
study show that decreased resistances at the afferent
and efferent glomerular arterioles are pivotal in the
single-nephron adaptation to reduced renal mass
with and without hypertension. Total segmental re-
sistance (RTA) was significantly lower in kidneys
with 50% renal mass reduction. With further renal
damage, as seen in the hypertensive kidneys with
nephrosclerosis, RTA became even lower. In the
present study, it is not possible to separate the effects
of nephron loss from hypertension per Se. it seems,
however, that the adaptive mechanisms related to
nephron loss override the characteristic response of
the kidney when faced with high blood pressure. In
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Fig. 4. Relationship between efferent arteriole oncotic pressure and
glomerular capillary minus free-flow tubular pressures. Filtration
pressure equilibrium is given by line of identity.
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established essential hypertension, renal resistance is
increased [33]. Similarly, we have found that total
resistance at the single nephron level is elevated in
young spontaneously hypertensive rats without renal
damage [34]. In the hypertensive rats with nephro-
sclerosis, RA did not increase proportionally to
blood pressure. Therefore, it appears that the com-
pensatory factors triggered by nephron loss overcame
the capacity of the afferent arteriole to increase resist-
ance in the presence of hypertension. The autoregu-
latory capacity of the isolated hypertensive kidney
with nephrosclerosis is reduced in this model [6]. The
mechanisms are not known. The one-kidney normo-
tensive and hypertensive rats had normal post-gb-
merular vascular pressures. Similar findings were re-
ported by Deen et al in unilateral nepirectomized
rats [35]. A lower RE and probably a decrease in
resistance at a venular site participate in this re-
sponse. In view of the high dependence of SNGFR
on GPF [36], these lower resistances, by enhancing
GPF, may also contribute to the formation of higher
glomerular filtration.
The functional adaptation of SNGFR lollowed the
corresponding decrease in nephron population. Our
average SNGFR of 90 nI/mm in the uninephrecto-
mized normotensive rats is higher than the average 79
nI/rn in obtained post-nephrectomy by Hayslett,
Kashgarian, and Epstein [37]. Age [38] and length of
adaptative period post-nephrectomy may account for
this difference. To test the effect of age per se,
SNGFRs were determined in two-kidney rats of the
same strain used in this study at 1 and 10 months of
age. The controls of the present study were 7½
months old. The average SNGFR of the five young
rats was 39 2 nl/min. It increased to 60 6 at 7½
months and reached a value of 76 9 nI/mm at the
age of 10 months (eight rats). The total renal mass
and body weights in these rats were 2.4/192, 4.4/496,
and 4.2/499 g in the 1 7½, and 10 month old rats,
respectively. Therefore, we obtained a progressive
increase in SNGFR, kidney wt, and body wt with age
up to 7½ months. Thereafter, kidney and body wt did
not change as did SNGFR. These data seem to agree
with morphologic evidence related to the appearance
of mesangial glomerular dysfunction in the rat at the
age of 6 months [38].
The SNGFR in the one-kidney hypertensive rat
with nephrosclerosis was tremendously increased,
reaching an average value of 162 nI/mm. We are not
aware of similar high values being reported in the
literature. Our experimental model is characterized
by slow nephron destruction with concomitant slow
adaptation in a chronic hypertensive setting and
seems to confirm a very extensive capacity for adap-
tation of SNGFR to reduced renal mass [31].
The average value of SNFF obtained in the two-
kidney normotensive rats was 0.35, which is the nor-
mal value found in the hydropenic rat [36]. There was
a decline in SNFF in the uninephrectomized hyper-
tensive animals with nephrosclerosis. Kaufman, Sie-
gel, and Hayslett [31], using a different technical
approach, found the same change in nephron filtra-
tion fraction with severe renal ablation. The SNFF
decrease is obviously related to the great increase in
GPF observed with renal mass reduction. The two-
kidney normotensive rats had a GPF of 177 nI/mm.
This value is higher than the 70 nI/mm reported by
Brenner et al for the Munich rat [36]. This Munich
strain has unique features since SNGFR is lower than
in other commonly used strains [361. Nevertheless, in
these Munich rats, uninephrectomy induced a 72%
increase in GPF without change in SNFF [35]. Re-
cently, Brenner et al have emphasized the role of
GPF as a determinant of SNFF based on their dis-
covery of plasma flow dependence of SNGFR [36].
These authors demonstrated that as long as filtration
equilibrium is achieved at the end of the glomerular
capillaries, changes in GPF do not effect SNFF.
Therefore, the close GPF dependence of SNGFR is
in major part dependent upon the maintenance of
filtration pressure equilibrium. Very high GPFs,
however, which cause disequilibrium, led to progres-
sively lower values of SNFFs [36]. In our older two-
kidney rats with high GPF values, filtration equilib-
rium was reached. After uninephrectomy, GPF in-
creased 68% without changing the SNFF, and the
filtration equilibrium persisted. When hypertension
and nephrosclerosis were superimposed, GPF in-
creased to the extremely high values of 645 nI/mm,
2.2 times higher than the one-kidney normotensive
values. At these high values of plasma flow, filtration
pressure equilibrium was not achieved at the end of
the glomerular capillaries, and SNFF fell to 0.25.
Thus, our studies also demonstrate the role of GPF
as a determinant of SNFF. The high and very high
GPF values observed in the one-kidney normoten-
sive rats and hypertensive rats with nephrosclerosis
were achieved because RA and RE decreased. In
uninephrectomized Munich rats, similar results were
obtained [35].
Analysis of glomerular ultrafiltration. In the past
few years, Brenner et al, employing modern tech-
niques and a unique animal model, have character-
ized the physiologic basis of gbomerular dynamics
[20, 36, 39]. From this and other reports [19], it
appears that SNGFR is governed mainly by four
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mechanisms: 1) initial glomerular plasma flow, 2)
systemic oncotic pressure, 3) net driving pressure,
and 4) total glomerular permeability. The kidney re-
sponds to nephron loss by increasing SNGFR. The
rate of glomerular ultrafiltration is equal to the prod-
uct of the ultrafiltration coefficient (Kf) and the mean
ultrafiltration pressure (PUF). Thereby, the increase
in SNGFR observed following unilateral nephrec-
tomy in hypertensive rats with nephrosclerosis could
have resulted from an increase in Kf, PUF, or both.
These possibilities were examined in the hypertensive
rats by the use of a mathematical model [19]. For
reasons discussed in detail elsewhere [20, 39], the
existence of filtration pressure equilibrium precludes
determination of a unique value of Kf or PUF. This
analysis was, therefore, not performed in our uni-
laterally nephrectomized controls since the
IIE/PGC—PT was not significantly different from
unity. Deen et al [35J, however, studied the determi-
nants of ultrafiltration in uninephrectomized rats
brought into disequilibrium by volume expansion.
He found that the adaptive increase in SNGFR fol-
lowing uninephrectomy was the result of an increase
in PUF and GPF. Kf was, on the average, identical
to the values from rats with intact kidneys [35]. Fil-
tration equilibrium was not achieved in our unineph-
rectomized animals in the presence of nephron loss
and hypertension. In this situation, Kf was 0.0823
0.0072 nI/sec/mm Hg. This value is close to the val-
ues obtained by Deen et al [35]. Since the value for Kf
obtained in this study however, was observed in older
rats and in the presence of histologic changes, this
value for Kf may be reduced below the usual value
for this age of rat and degree of hypertrophy. Based
upon the rather high minimum possible value for Kf
in the one- and two-kidney normotensive groups,
about 0.113 and 0.133, respectively, this seems a rea-
sonable possibility. In the surviving hypertensive
nephrons, PUF achieved extremely high values at the
glomerular capillaries, 32.6 1.8 mm Hg. Changes in
PUF and SNGFR are determined solely by changes
in CA, AP, and GPF. Changes in GPF serve to
modify the average transmembrane oncotic pressure
difference; increases in the former tend to reduce this
pressure difference. In the present study, hyperten-
sion with nephrosclerosis was associated with no dif-
ference in CA relative to the control groups. In con-
trast, GPF and AP were significantly greater in these
rats. The observed increase in SNGFR was, there-
fore, the result of these changes in GPF and AP. Both
of these mechanisms result in an elevated PUF. De-
creased arteriolar resistance, both afferent and effe-
rent, seems to be the initial factor that governs the
SNGFR response to loss of nephrons. The phys-
iologic events that lead to these profound changes in
arteriolar resistance cannot be precisely determined
from the present work.
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Appendix
Abbreviations and calculations
Single-nephron glomerular filtration rate (SNGFR): Total radio-
active carbon ("C) counts of tubular fluid/plasma "C concen-
tration X time of collection.
Single-nephron filtration fraction (SNFF): SNFF = I — (CA/CE),
where CA and CE are the protein concentrations in the afferent
and efferent arteriole, in grams/l00 ml.
Initial single-nephron plasma flow rate (GPF) GPF
SNGFR/SNFF.
Bloodflow rate per single afferent arteriole or glomerulus: GBF =
GPF/(1 — Hct AA), where Hct AA is the hematocrit of afferent
arteriolar blood.
Plasma flow rate per efferent arteriole (EAPF): EAPF = GPF —
SNGFR.
Blood flow rate per efferent arteriole (EABF). EABF = GBF —
SNGFR.
Resistance per single afferent arteriole (RA): RA {(BP —
POC)/GRF} X 1327, where the factor 1327 gives resistance in
units of dynes.seccm5, the arterial pressure (BP) and glomer-
ular capillary pressure (PGC) are expressed in mm Hg, and the
GBF is expressed in mi/sec.
Resistance per single efferent arteriole (RE): RE = {(PGC —
Pc)/EABF} X 1327, where Pc is the efl'erent arteriole pressure.
Total arteriolar resistance (RTA)for a single pre- and post-glomeru-
lar vascular unit: RTA = RA + RE.
Net ultrafiltration pressure at the afferent (PUFA) and efferent
(PUFE) portions of the glomerular capillary: PUFA (PGC) —
PT — HA, and PUFE = (POC) — PT — HE, where HA and HE
represent afl'erent and efferent arteriolar oncotic pressures, re-
spectively, and PT, the proximal tubular pressure. These equa-
tions contain the assumption that PGC is relatively constant
along the glomerular capillary network [36] and that the oncotic
pressure of fluid in Bowman's space (flT) is negligible. This
assumption has been validated in rats with nephrotoxic serum
nephritis and heavy proteinuria [40]. In these rats, the protein
concentration of fluid in Bowman's space was less than 200
mg/100 ml. Accordingly, fiT was well below 1 mm Hg.
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Mean net glomerular transcapillary hydraulic pressure (AP): AP
= (PGC) PT.
Net driving force for ultrafiltration (PUF): PUF = P — MI =
(PGC — PT) — (HOC — UT), where P is the transmembrane
oncotic pressure difference, UGC and fiT represent the oncotic
pressure at the glomerular capillaries and Bowman space, re-
spectively. Determination of PUF and calculation of the gb-
merular capillary ultrafiltration coefficient (Kf) was done utiliz-
ing the mathematical model as reported by Blantz [41]. Data
required for such calculations were CA and CE, GPF, and the
P. This model, as well as Deen's [42], is a useful tool for
examining the effects of Kf, PUF, GPF, and CE, on SNGFR.
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